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Resum
El subdetector ITS (Inner Tracking System) del detector ALICE (A
Large Ion Collider Experiment) és un detector de vèrtex i és el detector
mes proper al punt d’interacció. Es troba conformat per 3 tipus de
subdetectors, dues capes de píxel de silici (Silicon Pixel Detectors),
2 capes d’acumulació de silici (Silicon Drift Detectors) i 2 capes de
banda de Silici (Silicon Strip Detectors). La funció primària del ITS
és identificar i rastrejar les partícules de baix moment transversal.
El detector ITS en les seues dues capes més internes estan equipades
amb sensors de silici basats en píxels híbrids. Per a reemplaçar aques-
ta tecnologia de Píxels, el detector ITS actual serà reemplaçat per un
nou detector d’una sola tecnologia, ampliant la seua resolució espacial
i millorant el rastreig de traces. Aquest nou detector constarà de set
capes de sensors de píxels actius monolítics (MAPS), les quals hauran
de satisfer els requeriments de pressupost de materials i ser tolerants a
majors nivells de radiació per als nous escenaris d’increments de llumi-
nositat i majors taxes de col·lisions. Els sensors MAPS que integren el
sensor d’imatge i els circuits de lectura es troben en la mateixa hòstia
de silici, tenen grans avantatges en una bona resolució de posició i un
baix pressupost material en termes de baix cost de producció.
TowerJazz ofereix la possibilitat d’una quàdruple-WELL aïllant els
transistors pMOS que es troben en la mateixa nWELL evitant la
competència amb l’elèctrode de recol·lecció, permetent circuits mes
complexos i compactes per a ser implementats dins de la zona acti-
va i a més posseeix una capa epitaxial d’alta resistivitat. Aquesta
tecnologia proporciona una porta d’òxid molt prim limitant el dany
superficial per la radiació fent-ho adequat per al seu ús dins de l’-
experiment ALICE. En els últims quatre anys s’ha dut a terme una
intensiva R+D en MAPS en el marc de l’actualització del ITS d’A-
LICE. Diversos prototips a petita escala s’han desenvolupat i provat
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reeixidament amb rajos X, fonts radioactives i feixos de partícules. La
tolerància a la radiació d’ALICE ITS és moderada amb una tolerància
d’irradiació TID de 700 krad i NIEL d’1× 1013 1MeV neqcm−2, MAPS
és una opció viable per a l’actualització del ITS.
La contribució original d’aquesta tesi és la implementació d’una nova
arquitectura digital de lectura de píxels per a MAPS. Aquesta tesi
presenta un codificador asíncron d’adreces (arquitectura basada en la
supressió de zeros transmetent l’adreça dels píxels excitats denomina-
da PADRE) per a l’arquitectura ALPIDE, l’autor també va fer una
contribució significativa en l’assemblatge i verificació de circuits. PA-
DRE és la principal recerca de l’autor, basada en un codificador de
prioritat jeràrquica de quatre entrades i és una alternativa a l’arqui-
tectura de lectura rolling-shutter.
A més dels prototips a petita escala, també s’han desenvolupat pro-
totips a escala completa a les necessitats del detector ITS (15 mm i
30 mm) emprant un nou circuit de lectura basat en la versió persona-
litzada del circuit PADRE. El pALPIDEfs va ser el primer prototip
a escala completa i es va caracteritzar obtenint un temps de lectura
de la matriu per sota de 4 µs i un consum d’energia en l’ordre de 80
mWcm−2. En general, els resultats obtinguts representen un avanç sig-
nificatiu de la tecnologia MAPS quant al consum d’energia, velocitat
de lectura, temps de recol·lecció de càrrega i tolerància a la radiació.
El sensor pALPIDE2 ha demostrat ser una opció molt atractiva per al
nou detector ITS, satisfent els requeriments en termes d’eficiència de
detecció, fake-hit rate i resolució de posició, ja que el seu rendiment
no pot aconseguir-se mitjançant prototips basats en l’arquitectura de
lectura tradicionals com és el rolling-shutter dissenyat en la mateixa
tecnologia. Per aquesta raó, la R+D en els prototips ALPIDE ha con-
tinuat amb l’objectiu d’optimitzar encara més el rendiment del sensor
especialment en termes del temps mort i estudiar solucions en altres
aspectes de sistemes d’integració.
L’últim circuit de ALPIDE, el pALPDIE3B, consumeix menys de 50
mW cm-2 amb una màxima taxa de transmissió d’1,2 Gbps i té una efi-
ciència a la reconstrucció de traces superior al 99,95%. Amb un marge
operatiu satisfactori després d’irradiació amb una fluència equivalent
d’× 1013 1 MeV neqcm−2. A més, validant un consum d’energia per
x
sota de 50 mW cm−2. I una resolució de posició d’uns 5 µm i una velo-
citat de lectura aproximada de 2mus, complint amb les especificacions
ALICE ITS per a la seua actualització. Els resultats obtinguts de la
caracterització del pALPIDE3B, la fase optimització dels circuits i de
prototips es finalitza i dóna motiu a l’inici de la producció en massa del
xip ALPIDE per a l’any 2017. El nou detector ITS s’instal·larà durant




El sub detector ITS (Inner Tracking System) del detector ALICE (A
Large Ion Collider Experiment) es un detector de vértice y es el detec-
tor mas cercano al punto de interacción. Se encuentra conformado por
3 tipos de subdetectores, dos capas de pixel de silicio (Silicon Pixel De-
tectors), 2 capas de acumulación de silicio (Silicon Drift Detectors) y 2
capas de banda de Silicio (Silicon Strip Detectors). La función prima-
ria del ITS es identificar y rastrear las partículas de bajo momentum
transversal.
El detector ITS en sus dos capas más internas están equipadas con
sensores de silicio basados en píxeles híbridos. Para reemplazar esta
tecnología de Píxeles, el detector ITS actual será reemplazado por un
nuevo detector de una sola tecnología, ampliando su resolución espacial
y mejorando el rastreo de trazas. Este nuevo detector constará de siete
capas de sensores de píxeles activos monolíticos (MAPS), las cuales
deberán satisfacer los requerimientos de presupuesto de materiales y
ser tolerantes a mayores niveles de radiación para los nuevos escenarios
de incrementos de luminosidad y mayores tasas de colisiones.
Los sensores MAPS que integran el sensor de imagen y los circuitos
de lectura se encuentran en la misma oblea de silicio, tienen grandes
ventajas en una buena resolución de posición y un bajo presupuesto
material en términos de bajo coste de producción.
TowerJazz ofrece la posibilidad de una cuádruple-WELL aislando los
transistores pMOS que se encuentran en la misma nWELL evitando
la competencia con el electrodo de recolección, permitiendo circuitos
mas complejos y compactos para ser implementados dentro de la zona
activa y además posee una capa epitaxial de alta resistividad. Esta
tecnología proporciona una puerta de óxido muy delgado limitando el
daño superficial por la radiación haciéndolo adecuado para su uso den-
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tro del experimento ALICE. En los últimos cuatro años se ha llevado a
cabo una intensiva I+D en MAPS en el marco de la actualización del
ITS de ALICE. Varios prototipos a pequeña escala se han desarrollado
y probado exitosamente con rayos X, fuentes radioactivas y haces de
partículas. La tolerancia a la radiación de ALICE ITS es moderada
con una tolerancia de irradiación TID de 700 krad y NIEL de 1 × 1013
1 MeV neqcm−2, MAPS es una opción viable para la actualización del
ITS.
La contribución original de esta tesis es la implementación de una nue-
va arquitectura digital de lectura de píxeles para MAPS. Esta tesis
presenta un codificador asíncrono de direcciones (arquitectura basada
en la supresión de ceros transmitiendo la dirección de los píxeles ex-
citados denominada PADRE) para la arquitectura ALPIDE, el autor
también hizo una contribución significativa en el ensamblaje y veri-
ficación de circuitos. PADRE es la principal investigación del autor,
basada en un codificador de prioridad jerárquica de cuatro entradas y
es una alternativa a la arquitectura de lectura rolling-shutter.
Además de los prototipos a pequeña escala, también se han desarrolla-
do prototipos a escala completa a las necesidades del detector ITS (15
mm y 30 mm) empleando un nuevo circuito de lectura basado en la
versión personalizada del circuito PADRE. El pALPIDEfs fue el pri-
mer prototipo a escala completa y se caracterizó obteniendo un tiempo
de lectura de la matriz por debajo de 4 µs y un consumo de energía
en el orden de 80 mWcm−2. En general, los resultados obtenidos re-
presentan un avance significativo de la tecnología MAPS en cuanto
al consumo de energía, velocidad de lectura, tiempo de recolección de
carga y tolerancia a la radiación.
El sensor pALPIDE2 ha demostrado ser una opción muy atractiva pa-
ra el nuevo detector ITS, satisfaciendo los requerimientos en términos
de eficiencia de detección, fake-hit rate y resolución de posición, ya
que su rendimiento no puede alcanzarse mediante prototipos basados
en la arquitectura de lectura tradicionales como es el rolling-shutter
diseñado en la misma tecnología. Por esta razón, la I+D en los proto-
tipos ALPIDE ha continuado con el objetivo de optimizar aún más el
rendimiento del sensor especialmente en términos del tiempo muerto
y estudiar soluciones en otros aspectos de sistemas de integración.
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El último circuito de ALPIDE, el pALPDIE3B, consume menos de
50 mW cm−2 con una máxima tasa de transmisión de 1,2 Gbps y
tiene una eficiencia a la reconstrucción de trazas superior al 99,95%.
Con un margen operativo satisfactorio después de irradiación con una
fluencia equivalente de 1 × 1013 1 MeV neqcm−2. Además, validando
un consumo de energía por debajo de 50 mW cm−2 y una resolución de
posición de unos 5 µm y una velocidad de lectura aproximada de 2 µs,
cumpliendo con las especificaciones ALICE ITS para su actualización.
Los resultados obtenidos de la caracterización del pALPIDE3B, la
fase optimización de los circuitos y de prototipos se finaliza y da pie
al inicio de la producción en masa del chip ALPIDE para el año 2017.
El nuevo detector ITS se instalará durante el segundo gran parón del




ALICE (A Large Ion Collider Experiment) is the heavy-ion experi-
ment at the Large Hadron Collider (LHC) at CERN. As an important
part of its upgrade plans, the ALICE experiment will schedule the
installation of a new Inner Tracking System (ITS) during the Long
Shutdown 2 (LS2) of the LHC. The new ITS layout will consist of
seven concentric layers, ≈ 12.5 Gigapixel camera covering about 10m2
with Monolithic Active Pixel Sensors (MAPS). This choice of technol-
ogy has been guided by the tight requirements on the material budget
of 0.3% X/X0 per layer for the three innermost layers and backed by
the significant progress in the field of MAPS in recent years. The tech-
nology initially chosen for the ITS upgrade is the TowerJazz 180 nm
CMOS Technology. It offers a standard epitaxial layer of 15 - 18 µm
with a resistivity between 1 and 5 kΩ cm−1 and a gate oxide thickness
below 4 nm, thus being more robust to Total Ionizing Dose (TID).
The main subject of this thesis is to implement a novel digital pixel
readout architecture for MAPS. This thesis aims to study this novel
readout architecture as an alternative to the rolling-shutter readout.
However, this must be investigated through the study of several chip
readout architectures during the R&D phase. Another objective of
this thesis is the study and characterization of TowerJazz, if it meets
the Non-Ionizing Energy Loss (NIEL) and Single Event Effects (SEE)
of the ALICE ITS upgrade program.
Other goals of this thesis are:
• Implementation of the top-down flow for this CMOS process and
the design of multiple readouts for different prototypes up to the
assembly of a full-scale prototype.
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• Characterization of the radiation hardness and SEE of the chips
submitted to fabrication.
• Characterization of full custom designs using analog simulations
and the generation of digital models for the simulation chain
needed for the verification process.
• Implementation and study of different digital readouts to meet
the ITS upgrade program in integration time, pixel size and power
consumption, from the conceptual idea, production and fabrica-
tion phase.
Chapter 1 is a brief overview of CERN, the LHC and the detectors
complex. The ALICE ITS will be explained, focusing on the ITS up-
grade in terms of detector needs and design constraints. Chapter 2
explains the properties of silicon detectors and the detector material
and the principles of operation for MAPS. Chapters 3 and 4 describe
the ALPIDE prototypes and their readout based on MAPS; this forms
the central part of this work, including the multiple families of pixel
detectors fabricated in order to reach the final design for the ITS. The
ALPIDE3/pALPIDE3B chip, the latest MAPS chip designed, will be
explained in detail, as well focusing in the matrix digital readout. In
chapter 5 the noise measurements and its characterization are pre-
sented including a brief summary of detector response to irradiation
with soft X-rays, sources and particle beams.
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Chapter 1
CERN, the LHC and the ALICE
ITS upgrade program
Over the last 60 years, CERN has been a model of international sci-
entific collaboration and one of the most important research centers
in the world of particle physics. The name of CERN is derived from
the acronym in French Conseil Européen pour la Recherche Nucléaire
and it is located across the French-Swiss border in the Geneva canton,
founded on the 29th of September 1954 [1, 2].
CERN’s success is not only based on its ability to produce scientific
results of great interest, or the study of the particles of which matter
is made of, but also because of the development of new technologies.
Among them, early in the 1990’s the World Wide Web (WWW) began
as a CERN project. It was based on the concept of hypertext which
was intended to facilitate sharing of information among researchers
around the world. A plate is dedicated in one of corridors of the
organization to the team who conceived the WWW (see Figure 1.1).
CERN’s research infrastructure is primarily an interconnected set of
particle accelerators and detectors of which the biggest one is the
Large Hadron Collider (LHC), which became operational in 2008. Ac-
celerators boost bunches of particles to high energies before the beams
collide with each other or with stationary targets in the centre of the
detectors that observe and record the results of these collisions [3].
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Figure 1.1: Plate in recognition of the invention of the the World Wide Web.
CERN celebrated the discovery of the Higgs boson on the 4th of July of
2012 by the ATLAS and CMS experiments. A new Higgs-like particle
had been observed with mass of mH = 125.09 ± 0.24 (0.21 statistical ±
0.11 systematic) GeV, which was the last missing piece of the Standard
Model (SM). Nowadays researchers study the properties of the new
boson and search for new physics beyond the SM (supersymmetry
and dark matter).
Figure 1.2 shows the candidate Higgs boson events from collisions in
the center of the experiments. The top figure in the CMS experiment
shows a decay into two photons (dashed yellow lines and green towers).
The lower figure in the ATLAS experiment shows a decay into four
muons (red tracks).
Between the 28th and 29th of September of 2013, CERN held two major
events for the general public: the CERN Open Days, in which the
laboratory was open to the general public and the experiments could
be visited, guided by many physicist and engineering collaborators.
Figure 1.3 shows a member of the open days crew during a visit to
the ALICE experiment cavern.
In 2014 CERN celebrated its 60th anniversary with the good perfor-
mance of the LHC. The United Nations Economic and Social Council
(ECOSOC) and CERN celebrated science for peace and development
highlighting the values of science and its ability to build bridges be-




Figure 1.2: Candidate Higgs boson events at
√
s = 13 TeV in the CMS (top) and
ATLAS(bottom) experiments the LHC[4].
Figure 1.3: An offical guide during the CERN open days in 2014.
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Figure 1.4: Picture of the LHC tunnel [5].
1.1 The LHC
The LHC is the world’s largest and most powerful particle accelerator.
Figure 1.4 shows a section of the LHC tunnel. The LHC machine was
built inside the Large Electron Positron (LEP) tunnel, which was a
circular collider with a circumference of 27 km straddling the border
of Switzerland and France, which operated between 1989 until the end
of 2000 and led to the world’s most precise measurements of the Z0
boson.
The LHC accelerates and collides protons (p) at a centre-of-mass en-
ergy of
√
s = 13 TeV as well as lead (Pb) ions at centre-of-mass energy
per nucleon of
√
sNN = 2.76 TeV, and plans are to increase these en-
ergies to their design values of 14 TeV and 5.5 TeV, respectively [1]
with an instantaneous luminosity exceeding 1034 cm−2 s−1.
The LHC beam parameters are detailed in Table 1.1.
Protons are produced by a duoplasmatron source that ionizes hydro-
gen gas with an electric field. The protons have a kinetic energy of
100 keV after leaving the source. They enter a linear accelerator Linac
that uses Radio-frequency (RF) cavities to increase the proton energy
4
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Figure 1.5: CERN’s accelerators complex [6].
up to 50 MeV. The Proton Synchrotron Booster (PSB) then accel-
erates the protons up to 1.4 GeV, from where they are injected into
the Proton Synchrotron (PS). The PS accelerates the protons to 25
GeV and splits the beam into smaller bunches of 4 ns length with a
spacing of 25 or 50 ns as required by the LHC operation. The Super
Proton Synchrotron (SPS) increases the proton beam energy to 450
GeV before the beams are finally injected into the LHC for further
acceleration, from 450 GeV to 6.5 TeV per beam. Finally, beams cross
at the center of the experiments and produce inelastic collisions inter-
esting for the physics program of the LHC. Figure 1.5 summarizes the
the accelerators complex and the experiments at CERN.
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Injection energy per beam 450 GeV
Collision energy per beam 7000 GeV
Nominal number of particles per bunch 1.15 × 1011
Nominal number of bunches per fill 2808
Nominal luminosity 1034 cm−2 s−1
Inelastic pp cross section 60 mb
Total pp cross section 100 mb
Bunch revolution frequency 11.245 kHz
Bunch frequency 40.08 MHz
Circumference length 26.66 km
Radius 4.24 km
Number of dipole magnets 1232
Number of quadrupole magnets 392
Nominal magnetic field strength 8.33 T
Table 1.1: LHC nominal beam parameters [7] .
The LHC physics program involves upgrades for high luminosity run-
ning starting after the Long Shutdown 2 (LS2) scheduled for 2019 and
beyond (see Figure 1.6).
Figure 1.6: Time line of the LHC Long Shutdown periods [8].




1.1.1 The ATLAS Experiment
The ATLAS experiment [9] is a multi-purpose detector about 45 me-
ters long, more than 25 meters high and an overall weight of approx-
imately 7000 tonnes. The detector is divided into sub-detectors as
shown in Figure 1.7. ATLAS is designed to work at high luminosity
(1034 cm−2 s−1) with a bunch crossing every 25 ns. Therefore, the de-
tector is built with highly sophisticated technologies and specialized
materials. After the successful operation in Run 1 and the electronics
consolidation campaign during the LS1, ATLAS is taking data again
at
√
s = 13 TeV.
Figure 1.7: Artistic view of the ATLAS experiment [10].
The ATLAS inner detector is built around the beam pipe and is de-
signed especially for tracking and vertexing. It is formed by the Pixel,
the SCT (SemiConductor Tracker) and the TRT (Transition Radia-
tion Tracker) detectors, that measure the trajectories of charged par-
ticles.The inner detector is embedded in a solenoidal magnet which
generates a magnetic field of 2 T. The curvature of the trajectories
which result from the the magnetic field bending power, is used to
calculate the momentum of the particles. Additionally, the TRT pro-
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vides electron identification measuring transition radiation photons
generated in its radiator material. The electromagnetic and hadronic
calorimeters surround the solenoid magnet and are designed to mea-
sure the energy of the different kinds of particles. The last layer of the
detector is a huge muon spectrometer embedded in a toroidal mag-
net. The muon tracking system measures the trajectories of charged
particles leaving the calorimeters. The trajectories are bent by the
magnetic deflection provided by three superconducting air-core toroid
magnets, which generate a field of 4 T.
1.1.2 The CMS Experiment
Figure 1.8: Artistic view of The CMS experiment [11].
The CMS (Compact Muon Solenoid) experiment [12] was built as a
multi-purpose particle detector to study proton-proton, proton-lead,
or lead-lead collisions at the TeV scale. It has large dimensions, being
22 m in length and 15 m in diameter, and a weight of 14.000 tonnes
(see Figure 1.8). In the CMS detector each layer is specialized in
detecting different types of particles. It covers nearly the full solid
8
1.1 The LHC
angle of 4π around the nominal interaction point. The distinctive
characteristic feature of the CMS apparatus is the superconducting
solenoid. Contained within the field volume are a silicon pixel and
strip tracker, a crystal Electromagnetic Calorimeter (ECAL) and a
brass/scintillator Hadron Calorimeter (HCAL). Muons are measured
in gas-ionization detectors embedded in the steel return yoke.
1.1.3 The LHCb experiment
Figure 1.9: Artistic view of the LHCb Detector characteristics [13].
The LHCb experiment [14] specializes in investigating the slight dif-
ferences between matter and antimatter by studying beauty quarks.
hence the Large Hadron Collider beauty detector at the LHC. Fig-
ure 1.9 shows the LHCb experiment layout.
Instead of surrounding the entire collision point with an enclosed de-
tector as ATLAS and CMS do, the LHCb experiment uses a series of
subdetectors to detect mainly particle showers produced forward in
the collision. The first subdetector is mounted close to the interaction
9
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point, with the others following one behind the other over a length of
20 meters.
An abundance of different types of quarks are created in the interaction
before they decay quickly into other particles. To record the b quarks,
LHCb has developed sophisticated movable tracking detectors close
to the path of the beams circling in the LHC. Figure 1.9 shows the
layout of the LHCb experiment.
Figure 1.10: VELO detector layout of LHCb [15].
The VErtex LOcator "VELO" is the part of the LHCb detector closest
to the collisions at the LHC. Its sensitive elements are Si detectors
and during operation these are only 8 mm away from the beam. Its
proximity to the interactions allows physicists to observe the decays
of short lived particles, called B-mesons. The Bs have the property
of decaying rapidly, in about one millionth of a millionth of a second.
The VELO has been designed to perform an accurate measurement





ALICE (A Large Ion Collider Experiment) [16] is a general-purpose,
heavy-ion detector located at point 2 of the LHC ring [3]. It is designed
to study the physics of strongly interacting matter, and in particular
the properties of the Quark-Gluon Plasma (QGP), using pp, pPb and
PbPb collisions at the LHC. The QGP is the state of matter in which
quarks and gluons are deconfined, i.e. where they are not bound into
hadrons but may move around freely. It is assumed that this was the
state of our universe shortly after it was born with the Big Bang (at
the age of 1 ps to 10 µs) and it is the state that is created in collisions
of high-energy heavy ions as they currently happen at the LHC [16].
The ALICE apparatus as seen in Figure 1.11, consists of a central
barrel, which measures hadrons, electrons, and photons, and a forward
muon spectrometer along with some smaller detectors for trigger and
event characterisation. It has dimensions of 26 m in length and 16 m
in diameter, and a weight of 10 000 tonnes.
Figure 1.11: Layout of ALICE detector set-up, showing its division into subdetectors.
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The central barrel is mounted inside a solenoidal magnet which pro-
vides a magnetic field of 0.5 T parallel to the beam axis. The detectors
in the central barrel are mainly dedicated to vertex reconstruction,
tracking, particle identification and momentum measurement. The
main tracking detectors in the central barrel are the Time Projection
Chamber (TPC) [17] and the Inner Tracking System (ITS)[18]. The
ITS performs vertexing and is composed of six layers of silicon detec-
tors: two layers each of Silicon Pixel Detector (SPD), Silicon Drift
Detector (SDD) and Silicon Strip Detector (SSD) [19]. The other de-
tectors in the central barrel are the Time Of Flight (TOF) detector
[20] for particle identification, High Momentum Particle Identification
(HMPID) [21], the Transition Radiation Detector (TRD) [22] coun-
ters for electron identification and two electromagnetic calorimeters,
the Photon Spectrometer (PHOS) [23] and electromagnetic calorime-
ter (EMCAL) [24]. There are other smaller detectors for trigger and
multiplicity measurement: the Photon Multiplicity Detector (PMD)
[25], Forward Multiplicity Detector (FMD), V0 and T0 [26]. There are
two sets of hadronic calorimeters which provide the centrality mea-
surements: the Zero Degree Calorimeters (ZDC) [27] located on both
sides of ALICE along the beam line at 115 m from the interaction
point. In addition, there is an array of scintillators named ACORDE
installed on top of the solenoid to trigger on cosmic rays for calibration
purposes.
The acceptance in η is calculated from the nominal interaction point
and is 360◦ in azimuth, unless noted otherwise. The position is the
approximate distance from the interaction point to the face of the
detector and corresponds to the radius for barrel detectors (inner and
outer radius for the TPC and TRD) or the position along the beam
(z coordinate) for the others. The term "Channels" refers to the
total number of independent electronic read-out channels, as seen in
Table 1.2.
The global coordinate reference system of ALICE is the following:
the z axis is on the beam line, with positive z-axis pointing in the
direction opposite to the muon spectrometer, the x axis is on the
LHC (horizontal) plane, pointing to the center of the accelerator, and
the y axis point upwards. In the transverse plane, the cylindrical
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coordinates r and φ localize the radial coordinate of the point with
respect to the center of axis and the azimuthal angle measured from
x to y respectively. Table 1.2 summarizes the spatial position of the
ALICE subdetectors including the number of quantity of channels and
the acceptance.
Detector Acceptance (η, φ) Radial Position(mm) Channels
ITS Layer 1 (SPD) ±2 39 9.8MITS Layer 2 (SPD) ±1.4 76
ITS Layer 3 (SDD) ±0.9 150 133kITS Layer 4 (SDD) ±0.9 239
ITS Layer 5 (SSD) ±0.97 380 2.6MITS Layer 6 (SSD) ±0.97 430
TPC ±0.9 at r= 2.8 m 848 557.568k±1.5 at r = 1.4 m 2,466
TRD ±0.84 2,900 1.2M3,680
TOF ±0.9 3,780 157.248k
HMPID ±0.6, 1.2◦ < φ < 58.8◦ 5,000 161.280k
PHOS ±0.12, 220◦ < φ < 320◦ 4,600 17.920k
EMCal ±0.7, 80◦ < φ < 187◦ 4,360 12.672k
ACORDE ±1.3, -60◦ < φ < 60◦ 8,500 0.12k
Table 1.2: Summary of the ALICE detector subsystems [16].
The forward muon spectrometer is designed to study single muon and
di-muon events and consists of a combination of the tracking and
trigger chambers, absorbers and a dipole magnet.
1.2.1 The ITS
The purpose of the ITS is to localize the primary vertex with a resolu-
tion better than 100 µm, to reconstruct the secondary vertices from the
decays of hyperons and D and B mesons, to track and identify parti-
cles with momentum below 200 MeV, to improve the momentum and
angle resolution for particles reconstructed by the Time-Projection
Chamber (TPC) and to reconstruct particles traversing dead regions
of the TPC. The ITS therefore contributes to practically all physics
topics addressed by the ALICE experiment, as discussed in detail in
[29].
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Figure 1.12: ALICE event display of a PbPb collision at 2.76A TeV [28].
The ITS consists of six layers of three different types of silicon detec-
tors placed coaxially around the beam pipe with their radii ranging
from 3.9 cm to 43 cm, as seen in Table 1.3. They cover a pseudora-
pidity range of |η| < 0.9 for vertices located within z = ±60 mm with
respect to the interaction point. To sustain a high particle hit den-
sity and perform an efficient vertex reconstruction, the first two inner
layers are made of SPDs with state-of-the-art hybrid pixel detectors.
The two middle layers are made of SDDs followed by two layers of
double sided SSDs. The Inner Barrel (IB) consists of the first 2 SPD
layers, and the Outer Barrel (OB) is made up of the remaining 2 SDD
and SSD layers. The OB layers have analog read-out with Particle
Identification PID capabilities through dE/dx measurements in the
non-relativistic (1  β2) region.
The first layer has more pseudo-rapidity coverage (|η| < 1.98) to pro-
vide, together with the FMD, continuous coverage for the measure-
ment of charged particle multiplicity. The detectors and front-end
electronics are held by lightweight carbon-fibre structures. The geo-
metrical dimensions and the technology used in the various layers of
the ITS are summarized in Figure 1.13
14
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Layer Technology Radial Resolution (µm)
(mm) rφ z
1 pixel 39 12 1002 76
3 drift 150 35 254 239
5 strip 380 20 8306 430
Table 1.3: Properties of the current ITS layers [30].
Figure 1.13: The ALICE ITS made out of six concentric barrels 2 layers of SPD, 2
layers of SDD, and 2 layers of SSD [30].
One disadvantage of the current ITS is its limited maximum read-out
rate of 1 kHz with a high dead time. This is a crucial limitation since
it prevents ALICE from exploiting fully the PbPb collision rate of
8 kHz, which the LHC can deliver at the present.
1.2.2 The ALICE upgrade strategy
The upgrade strategy for ALICE is formulated on the fact that af-
ter the LS2, the LHC will provide PbPb collisions at an interaction
rate of up to 50 kHz, corresponding to an instantaneous luminosity,
L = 6 × 1027cm−2s−1. To achieve this luminosity and to perform
the measurements defined by the upgrade program, detector upgrades
are necessary to improve tracking and vertexing capabilities, radia-
tion hardness and allow the read-out of all interactions to accumulate
15
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enough statistics for the upgrade physics program. The objective is
to accumulate 10 nb−1 of PbPb collisions, recording about 1011 inter-
actions.
The ALICE upgrade is planned for installation during the LS2. A key
element of the ALICE upgrade is the construction of a new, ultra-light,
high-resolution ITS. The upgrades include:
• A new beampipe with smaller diameter.
• Inner Tracking System (ITS) [31] covering mid-pseudo-rapidity
(-1.2 < η <1.2).
• Muon Forward Tracker (MFT) [32] covering forward pseudo-rapi-
dity (-3.6 < η <2.45).
• Upgrade of the Time Projection Chamber (TPC), consisting of
the replacement of the wire chambers with Gas Electron Multi-
plier (GEM) detectors and new pipelined read-out electronics.
• Upgrade of the read-out electronics of Transition Radiation De-
tector (TRD), Time Of Flight detector (TOF), and Muon Spec-
trometer for high rate operation.
• Upgrade of the forward trigger detectors.
• Upgrade of the online systems and offline reconstruction and anal-
ysis framework.
The ALICE collaboration has decided to upgrade the ITS detector in
order to improve its performance and address its current weaknesses.
The CDR [33] and the TDR [31] of the ITS upgrade were submitted
to the LHCC in December 2013, and approved by the CERN Research
Board in March 2014 [34].
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1.2.3 The ITS upgrade
As far as the physics performance in heavy flavour detection is con-
cerned, the current ITS has significant limitations. For example, the
study of charm baryons is not feasible with the current detector. The
current ITS has an impact parameter resolution larger than the decay
length of the Λc baryon 60 µm which is the most abundantly pro-
duced charm baryon, thus making Λc inaccessible in PbPb collisions
in ALICE.
As we see in the previous sections, the requirements and needs for the
new ITS will decrease the material budget and a smaller beam pipe
will be designed and placed in the experiment. The ITS resolution will
be increased replacing the current ITS for a new set of silicon layers
where the first detection layer will be closer to the beam line and
the new ITS support structure must design facilities for services and
maintenance. The current ITS is inaccessible for maintenance and
repair interventions during the yearly LHC shutdowns. This could
lead to a significant compromise in maintaining high data quality. So,
it is a high priority in the design of the upgraded ITS to have rapid
accessibility for maintenance.
For optimal performance, a tracking detector should be as close as
possible to the interaction point. In fact, many particles of interest
live for a very short time τ before disintegrating into the daughter
particles. For example, the PbPb collisions at the LHC produce D0
mesons that have lifetime τ ≈ 4×10−13s, during which they cover a
distance of cτ ≈ 120µm. Then, they decay generating K− and π+. In
this case, given that the D0 meson is a neutral particle, the only way
to reveal it by using a tracking detector is to trace the trajectories of
secondary particles and to localize the decay point.
The impact parameter b depends on the energy of the particle, its
lifetime τ and the angle between its direction of flight and the particles
produced in the decay:
b = γβcτ sin θ (1.1)
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For high momentum particles sin θ ≈ 1/γβ and therefore b ≈ cτ is
equivalent to the distance traveled by the particles before they decay
spontaneously. In this case the resolution doesn’t depend on the mag-
nitude of the particle’s momentum. On the contrary, the resolution
only depends on the detector’s properties, like resolution and geome-
try, and the closer the detector is to the interaction point, the better
the spatial resolution will be.
The reduction of the beam pipe diameter in the centre of the ALICE
detector is one of the main strategies to improve the measurement
of the impact parameter resolution and reconstruction of secondary
vertices from decaying charm and beauty hadrons. The requirement
for an efficient tracking in ITS standalone mode and in combination
with the TPC drove the design and geometry of the layers of the
upgraded ITS. This translates to a barrel geometry with seven layers
and their radii optimized to fit the tracking requirements. Current
studies [33] indicate that it should be possible to reach a beam pipe
inner radius of 17.2 mm, which can be compared to the present value
of 29 mm.
In order to identify the primary vertex, secondary tracks have to be
fitted back from the hits in the detector to their point of origin. The
spatial resolution for a pixel detector is described in Figure 1.14.
The spatial resolution for the ITS is in the order of 60 µm [16] and
the developments for the ITS upgrade aim to reduce it to 5 µm (see
Table 1.5). The spatial resolution is one of the most important param-
eters that will affect the resolution of the impact parameter. Spatial
resolution is defined as the spatial information recorded by the two di-
mensional silicon sensors and refers to the size of the smallest possible
position that can be detected.
Reducing the material budget is essential for improving the spatial
resolution. In general, reducing the overall material budget by small
pixel size and thin detectors on light carbon fibre supports will allow




Figure 1.14: Relation between impact parameter resolution and spatial resolution for
a pixel detector [35].
The IB has three layers, instead of two, and the OB has also 4 layers,
as seen in Figure 1.15. This will form a total of seven concentric
silicon detector layers as seen in Table 1.4. The CMOS pixel sensor
with a small pixel size of ≈ 30 × 30 µm2 is a key feature of the new
ITS, which is optimized for high tracking accuracy at low transverse
momenta. It allows for a very low mass of the three innermost layers,
which feature a material thickness of 0.3% X0 per layer.
Figure 1.15 shows the new beam pipe covered by the IB. A narrower
beam pipe enables the installation of the first layer closer to the pri-
mary vertex, which in turn improves the impact parameter resolution
by a factor 3. This, coupled with the higher interaction rate would
require the sensor to be sufficiently radiation hard which was a require-
ment for the choice of the sensor technology. The sensor should also
have faster read-out rates to be able to read out all the interactions.
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Layer Lenght Radius Nominal z η (Half-) Chips
(mm) (mm) coverage (mm) coverage stavesa # (#)
0 271 23 ±112 ±2.5 12 108
1 271 31 ±121 ±2.3 16 144
2 271 39 ±134 ±2.0 20 180
3 843 194 ±390 ±1.5 44 2464
4 843 247 ±418 ±1.4 56 3136
5 1475 353 ±712 ±1.4 80 7840
6 1475 405 ±743 ±1.3 92 9016
astaves for the Inner Layers (0-2), Half-staves for Middle and Outer Layers(3-6)
Table 1.4: Nominal z-coverage of the ITS layers and z length of modules [31].
Figure 1.15: New ITS conceptual layout with 3 Inner layers and 4 Outer layers [33].
Another requirement for improving the impact parameter resolution
is to improve the detector intrinsic resolution. This translates to a
requirement of pixels with smaller feature size and low material bud-
get. The selection of the pixel detector technology will be addressed
in subsection 2.6.2.
The Table 1.5 summarizes the ITS general requirements in dimension,
silicon thickness, radiation damage, fake hit rate and efficiency of the
new ITS detector.
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Parameter Inner Barrel Outer Barrel
Chip dimension 15× 30 mm2 (rφ× z)
Max. silicon thickness 50 µm
Spatial resolution ≤ 5 µm ≤ 10 µm
Max. power density 300 mW/cm2 100 mW/cm2
TID radiation hardnessa 0.7 Mrad 10 krad
NIEL radiation hardnessa 1013 1 MeV neq/cm2 3× 1010 1 MeV neq/cm2
Operation temperature 20 ◦C to 30 ◦C
Max. integration time 30 µs
Max. relative dead time 10 % at 50 kHz PbPb
Min. detection efficiency 99 %
Max. fake hit rate 10−5/event/pixel
Spatial resolution 5 µm 30 µm
aThis includes a safety factor of ten.
Table 1.5: General specifications of the ITS pixel chip [31].
1.3 ITS design and chip assembly constraints
In the azimuthal direction, each layer is segmented in staves, which
extend over the whole length of the respective layer, and are the basic
building blocks of the detector. The stave contains all structural and
functional components, thus making it the smallest operable part of
the detector. The three IB Layers are built with identical staves, while
the staves of the OB Layers have a different layout due to their longer
length. Layers 3 and 4 have same layout as 5 and 6 although they are
half in size. The conceptual design as seen in Figure 1.16 [33] of both
IB and OB staves is based on the following elements :
• Space Frame: a carbon fibre M55J-6K (540GPa) support struc-
ture providing the mechanical support and the necessary stiffness.
• Cold Plate: a sheet of high-thermal conductivity carbon fibre
with embedded polyimide cooling pipes, which is either integrated
within the Space Frame (for the IB staves) or attached to the
Space Frame (for the OB staves), the Cold Plate is in thermal
contact with the Pixel Chips or with the Module carbon plate to
remove the generated heat.
• Flexible PCB: an assembly of a polyimide Flexible Printed Cir-
cuit (FPC) on which a number of Pixel Chips, namely 9 and 14
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Figure 1.16: Schematic view of new ITS staves [31].
for the IB and OB staves respectively, and some passive compo-
nents, are bonded;
• Half-stave: the OB staves are further segmented in azimuth in
two halves, called Half- staves. Each Half-stave, extending over
the full length of the stave, consists of a Cold Plate on which a
number of Modules are glued, namely four and seven for Middle
Layers and Outer Layers, respectively.
The chips will be soldered to the flexible PCB in the new stave layout
as seen in Figure 1.16. The technique used for this is laser soldering,
an industrial technique which can be used to connect the chip pad
with the corresponding metal coated hole in the FPC, using a solder
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ball which is melted locally by a laser beam, as schematically shown
in Figure 1.17. Study to achieve required 99.5% yield in soldering
quality (100% for signal connections) could not be completed in the
available time. The ITS upgrade program had decided to use wire
bonding technique [36]. Laser soldering still needs R&D work, but is
a promising option.
Figure 1.17: Schematic view of the laser soldering [31].
1.4 Conclusions and overview
One of the goals of the ITS upgrade is to increase the read-out of
PbPb interactions rates higher several 105 Hz, currently limited at 1
kHz with full ITS.
The ITS upgrade will improve the tracking efficiency and pT resolu-
tion at low pT by increasing the granularity from 6 layers to 7 layers,
unifying the technology from strips and drift detectors to pixels de-
tector. Furthermore, the spatial resolution will be improve by a factor
3, as a result of (i) placing the new ITS closer to the IP, whereby the
first IB layer will move from radial distance of 39 mm to 23 mm, (ii)
by a reduction of the material budget x/X0 per layer from 1.14% to
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0.3%, and (ii) a reduced pixel size from 50 µm x 425 µm to 30 × 30
µm2 with a thickness of 50 µm.
The ALICE ITS upgrade is planned for the LS2 of the LHC. All re-
quirements the Table 1.5 and the chip assembly constraints have had
a significant impact on the ITS upgrade program. For the LS2 LHC
upgrade scenario, the ALICE ITS detector is considered for a larger
area coverage around 10 m2 with ≈ 12 Gigapixel camera for pixels of
≈ 30 µm. Upgrade requirements are driven by the demands on high
resolution (i.e. small size), low material budget, low power density and
high speeds. The present hybrid technology with one-to-one coverage
of the area with the sensor, front-end chips and module interconnect
layer would contribute to a significant material budget issue. Cost
would also be a factor for pixel detectors at larger radii. As result,
the design, deployment, and exploration of new interconnection tech-
nologies, building new procedures for the cavern placement and the
possibility to replace non functioning detector modules during yearly
shut-downs are one of the big challenges.
Further improvement of these detection systems can be done in terms
of higher granularity and reduced material budget if, for example, the
sensor and the front-end read-out are implemented on a single silicon
substrate. This approach led to the development of CMOS Monolithic
Active Pixel Sensors (MAPS).
In the following chapters we are going to describe the usage of pixel
detectors in HEP and the alternatives for pixel detector technologies
for the ITS upgrade. The new developments for pixel detectors and
experimental results when exposed to particle beams are presented.
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Silicon Pixel Detectors in High
Energy Physics
In the previous Chapter, we briefly introduced CERN, the LHC and
its experiments and we also presented a brief overview of the ALICE
experiment and ALICE ITS upgrade.
This chapter gives an overview of pixel sensors and pixel read-out
implemented in HEP experiments. Special attention is given to the
radiation effects like Single Events Upset and radiation damage and
mitigation techniques highly important in HEP.
The chapter starts with a brief review of the mechanism of interac-
tion of radiation with matter and the working principle and detection
principle of a pn junction, i.e the sensor key structure. We will review
the physics principles that make up pixel detectors, with a description
of the main radiation-induced effects which degrade their performance
and their implications for in HEP experiments.
The principle of operation of a standard MAPS detector is described
and the explanation of the main motivations behind the adoption on
the TowerJazz 180 nm CMOS imaging sensor as a baseline for the
ALICE ITS upgrade is explained. These MAPS sensors, they have
many interesting features for a tracking detector, have some important
constraints from the read-out point of view.
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2.1 Interaction of particles with matter
Electromagnetic radiation interacts in semiconductor detectors in the
form of three main processes: the photoelectric effect, the Compton ef-
fect and pair production. In these interactions, the incident radiation
is either completely absorbed in the sensor material as in the photo-
electric effect and pair production or is scattered (Compton effect).
Thus, a monochromatic photon beam traversing the sensor material
is attenuated in intensity:
I(x) = I0e
−x/µ (2.1)
where I0 and I(x) are the initial and final beam intensity after travers-
ing a material of thickness x. The attenuation length, µ, is a property
of the medium and of the photon energy. At low energies (below 100
keV for silicon), the photoelectric effect is the dominant process. At
higher energies, the scattering process becomes dominant. Silicon is
used for photon detection up to energies of about 100 keV. A detailed
description of these processes can be found in the literature [37].
2.1.1 Interaction with charged particles
The charged particles traversing the sensor undergo scattering pro-
cesses with the electrons of the interacting medium. These processes
are dominant for particles heavier than electrons and can be charac-
terized by the average energy loss suffered by the particle, expressed
by the Bethe-Bloch formula, which defines the requirement on the
minimal detectable charge, typically releasing some 60 electrons per 1
µm path length in thin silicon layers:
− dE
dx















which is valid for 0, 1 ≤ (βγ) ≤ 1000.
26
2.1 Interaction of particles with matter
The factor κ is given by 4πNr2emec2 with the classical electron ra-





. The parameters are the charge z of the propagating
particle in units of elementary charge, the atomic number Z of the ab-
sorber, the atomic mass of the absorber in g/mol, the mean excitation
energy I in eV, the maximum loss of kinetic energy Tmax and the
density-effect correction δ(β γ). The Bethe equation with corrections
for lower and higher energies is illustrated in Figure 2.1 for positive
charged muons in copper.
with,
κ = 4πNr2emec
2 = 0.307075MeV cm2g−1
where,
N = Avogadro’s number,
z = charge of the traversing particle in units of the electron charge,
re = the classical electron radius,
mec
2 = electron rest mass energy,
Z = atomic number of the sensor material,
A = atomic mass of the sensor material,
I = mean excitation energy,
β = velocity of the traversing particle in units of the speed of light,






There are additional correction terms, like the density correction for
high particle energies and the shell correction for lower energies [38].
A charged particle propagating through matter is mostly interacting
with the atomic electrons and thereby ionizing it, creating electron-ion
pairs or exciting the atom. The maximum energy deposit Tmax of a




1 + 2γme/M + (me/M)2
(2.3)
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Figure 2.1: Stopping power in matter of muons in copper [39].
with the electron mass me, the speed of light c, the ratio between
velocity and speed of light β = υ/c, the Lorentz factor β and the
particle mass M. This is valid for all particles but can be simplified to:
Tmax = 2mec
2β2γ2 (2.4)
If electrons are excluded, i.e. me/M « 1, and assuming 2γ me/M « 1
is also valid. The mean energy loss of charged particles propagating
through matter is given by the Bethe-Bloch formula Equation 2.2.
The number of charge carriers (electron and holes) generated in the
semiconductor by the traversing particle is determined by dividing the
deposited energy by the mean energy required for ionization (3.6 eV
for silicon).
The ionization process during the passage of a charged particle through
matter is subject to statistical fluctuation resulting in fluctuations of
the energy loss in the medium. The equation 2.3 gives the average
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energy loss per unit path length. The probability distribution of the
energy loss depends on the thickness of the absorber.
For thick absorbers, the energy loss distribution has a Gaussian shape.
In thin absorbers, the fluctuation is higher and the distribution is
asymmetric. For silicon sensors, the energy loss distribution was cal-
culated by Landau [40] and Vavilov [41]. Further corrections were in-
corporated later by Blunck and Leisegang [42], Shulek [43] and Bichsel
[44].
Figure 2.2: Simulated stopping power for muon, pion and electrons momemtun [39].
The stopping power for positive muons in copper is shown in Fig-
ure 2.2, as a function of βγ = (p/mµc) over nine orders of magnitude
in momentum (12 orders of magnitude in kinetic energy).
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The solid curves indicate the total stopping power and the vertical
bands indicate boundaries between different approximations. The
short dotted lines labeled µ− illustrate the “Barkas effect”, the de-
pendence of stopping power on projectile charge at very low energies.
Figure 2.2 shows the simulation results for energy loss as a function
of the particle momentum for different particle species.
Apart from energy loss, charged particles traversing a detector suffer
from Multiple Coulomb Scattering, which can cause a deviation of the
tracks and corrupt the measurement; this theme will be addressed in
the next section.
2.1.2 Multiple scattering
The particles traversing a detector are subject to multiple Coulomb
scattering. This results in small deviations of the tracks due to suc-
cessive small angle defections symmetrically distributed around the
incident direction. The scattering angle follows roughly a Gaussian
distribution in rms.
Multiple scattering of a charged particle through matter contributes
to the width of the energy deposits in a pixel detector. The effect of
multiple scattering was studied by Moliére [39], leading to what we
know as the Moliére radius in which the 90% of the energy of the
shower is contained.
2.2 Silicon PN junction as a sensor
Silicon can be made n-type by doping with donors atoms or p-type by
doping with acceptors. A PN junction can be created and this allows
the creation of semiconductor devices of great variety and versatility,
including diodes, thyristors, transistors, solar cells, LEDs, and more.
The resistivity of silicon doped with a np density of acceptors and nn






2.2 Silicon PN junction as a sensor
The value of ρ can be varied adjusting the density of the dopants.
For example, by setting np ≫ nn the majority charge carriers in the
material are the holes so the silicon resistivity is ρ ≈ 1/(qµpnp). The
doping levels are typically 1014 to 1019 atoms/cm3.
When two regions of a semiconductor are doped with complementary
impurities, such as p-type and n-type regions, a PN junction is formed.
Because of the gradient of concentrations of holes as well as electrons
between the two regions in the material, thermal diffusion will drive
the majority charge carriers across the junction, leaving in the p-type
region an excess of negative ions and in the n-type an excess of pos-
itive ions. Therefore, a region of non-mobile space charge is formed.
The potential barrier Vbi is generated between the two space charge
densities. This potential prevents electrons and holes from diffusing
further. In other words, between the space charge densities the electri-
cal field ~E is established and it accelerates particles of opposite charges
in opposite direction.
No mobile charge carrier is present in the central zone of the junction
which, for this reason, is named the depletion zone: its spatial extent
W depends on the doping levels with donors ND for the n region or












where εs is the silicon dielectric constant and q is the electrical charge.
Since the density of the dopants is not symmetrical, W is wider in the
region in which the doping level is lower. For example, if we consider
ND  NA, where the junction is asymmetrical with a very strong
doping level of the n region (p − n+), the depletion zone is more
extended in the p region than in the n region.
Figure 2.3 shows the case of no current flow, has no bias. Called
equilibrium when a PN junction is zero biased, that is has no bias, it
just stays. The depletion region is free of majority carriers, electrons
in the n-type material and holes in the p-type material, but under
equilibrium conditions electron-hole pairs are generated continually
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everywhere within the volume of the crystal. In the absence of an
electric field the created carriers recombine. When an ionizing particle
hits the PN junction and traverses the depletion zone, it deposits a
fraction of their energy; the mean value of the energy loss per unit
path length is simply described by the Bethe Bloch Equation 2.2. If
however an electric field is present in the semiconductor, the pairs are
separated and have little chance to recombine. Electrons and holes
drift under the influence of the electric field giving rise to a current.
Figure 2.3: PN junction current flow scenarios.
Now, if the diode is reverse biased, i.e. then the positive terminal of
the source is connected to the n-type end, and the negative termi-
nal of the source is connected to the p-type end of the diode as we
can see in Figure 2.3. In reverse current flow direction, there will be
no current through the diode except reverse saturation current. This
is because at the reverse biased condition the depletion layer of the
junction becomes wider with increasing reverse biased voltage. How-
ever, there is a small current flowing from n-type end to p-type end
in the diode due to minority carriers. This small current is called
the reverse saturation current. Minority carriers are mainly thermally
generated electrons and holes in the p-type and n-type semiconductor
respectively. Now if a reverse applied voltage across the diode is con-
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tinuously increased, then after a certain applied voltage the depletion
layer will be destroyed which will cause a huge reverse current to flow
through the diode. If this current is not externally limited and it ex-
ceeds the junction breakdown value, the diode may be permanently
destroyed, as we can see in Figure 2.4 for the reverse direction.
Thermally generated carriers in the depletion region are swept up by
the electric field, generating a leakage current. The leakage current
depends on the intrinsic carrier concentration ni of the silicon (ni =
1.45×1010cm−3), the diffusion constant Dp,n of both holes and elec-
trons, the diffusion length Lp,n of the charge carriers and on the diode.
In a reverse bias the p node can provide more margin on the width of
the depletion region allows a larger chance to collect charges by drift








Since the concentration of minority carriers is typically lower than
that of the majority carriers, the current Is is very low, about a nA in
silicon.
In a PN junction when the forward voltage is applied, i.e. the positive
terminal of a source is connected to the p-type side, and the negative
terminal of the source is connected to the n-type side, the diode is
said to be in a forward biased condition. We know that there is a
potential barrier across the junction. This potential barrier is directed
in the opposite of the forward applied voltage. So a diode can only
allow current to flow in the forward direction when the forward applied
voltage is more than the barrier potential of the junction. This voltage
is called the forward biased voltage. For a silicon diode, it is 0.7 volts.
For a germanium diode, it is 0.3 volts but in our example is 1 volt,




KBT − 1) (2.8)
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where V is the tension applied (forward or reverse bias); this charac-
teristics is shown in Figure 2.4 in current - voltage characteristics.
Figure 2.4: Current - voltage characteristic curve of a PN junction.
There is a capacitance associated with the depletion layer Cj = εsA/W
(a dielectric with a conductive terminal in each side). It depends on
the doping levels of the n and p regions [37]. The value of Cj is
important for the charge conversion efficiency (from current signal to
voltage signal) as well as for its influence on the thermal noise of the
front-end electronics. However, Cj does not affect the shot noise which
is given by in =
√
2qIg∆f , where Ig is the electric current generated
by particles that traverses the device and ∆f is the bandwidth.
2.2.1 Silicon particle detector
A silicon particle detector is a device through which one detects a
charged or electrically neutral particle and measures its properties.
Although there are many different types of detectors (semiconductor
detectors, scintillators, ionization chambers etc...), it should be noted
that the principle of operation is always the same: the conversion
of the energy released by the particles in the sensitive volume of the
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sensor into an electrical signal that is possible to handle by means of
electronic circuits.
Complex systems combining different detectors are necessary to iden-
tify a particle and to measure its physical properties like energy, mo-
mentum, electrical charge and mass.
The sensor electrode forms a PN junction creating a "pin diode" that
is reversely biased to deplete as much as possible the sensitive volume
(depletion zone) of the sensor. In doing so, the charge signal pro-
duced by a traversing particle is maximized. The average number of
electron-hole pairs generated by a particle in the active volume can
be calculated by dividing the energy loss E by the average energy





For example, a MIP (Minimum Ionizing Particles) traversing a silicon
detector gives on average about 80 electron-hole pairs per µm [45].
Because of the reverse bias, in the depletion zone an electric field ~E
is established that accelerates the carriers of opposite sign in opposite
directions. The drift velocity of carriers depends on the magnitude
and the direction of the electric field.
The general method to calculate induced charge on electrodes due
to the motion of charge carriers in a detector makes use of Ramo’s
theorem [46]. He devised a method of computing the signal induced
by charge between two conductors with an electric field between them.
In 1939 Simon Ramo presented the following simple equation for the
contribution of a moving electron in vacuum to the current in the
lead of an electrode A: This is also valid in the case of more than 2
electrodes.
iA = e ~Eu.~u (2.10)
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Here iA is the instantaneous current in the lead or wire with positive
direction towards the electrode in question, e is the elementary charge,
~u is the velocity of the electron, and ~Eu represents the local electric-
field vector at the position of the electron produced by a 1 V "test"
or "weighting" potential at the electrode, with all other electrodes
grounded.
Ramo’s theorem can be applied to predict the amplitude of the charge
induced on one of the pixel electrodes and with a reverse bias applied
on the substrate. For example, consider the case of creating electron-
hole pairs from an ionizing event close to the cathode surface and along
an axis that is perpendicular to the center of the pixel. The holes will
travel only a short distance to the cathode and will not make any or
very little contribution, but the the induced current observed at the
pixel electrode is entirely due to the motion of the electrons into the
volume of the sensor. Then, the geometry of the electrodes and their
pitch segmentation affect the resolution of the particle’s position.
2.2.2 Silicon tracker detector
The amplitude of the signal read out by the circuitry is proportional
to the charge collected by the pixel; this process is illustrated in Fig-
ure 2.5. The sensor converts the energy deposited/induced by a parti-
cle ionizing charge (or photon) to an electrical signal (see Figure 2.5).
The signal charge can be quite small; therefore it must be amplified.
Usually, the pre-amplifier is configured as an integrator, which con-
verts the narrow current pulse from the sensor into a step impulse
with a long decay time. In HEP detectors the primary function of the
pulse shaper is to improve the signal to noise ratio. However, the pulse
shape should be compatible with the digitizer or device for intercon-
nection. Analog to digital conversion translates a continuously varying
amplitude to discrete steps, which correspond to a unique output bit
pattern. Finally, the digital information is ready for subsequent stor-
age and analysis. There are different kinds of detectors, but many of
them have some similarities in their basic functions [37].
A semiconductor sensor is suitable for high-rate environments because
signal charge can be rapidly collected from it. A sensor chip can be
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Figure 2.5: Basic detector functions.
modelled and simulated with the read-out electronics by a detector
capacitance which is added to the input capacitance of the front-end
amplifier [45].
A tracking detector is used to determine the trajectories of charged
particles that are deflected in a magnetic field and to measure their
momenta. In addition, it allows to reconstruct the the primary inter-
action vertex of interaction and to localize the secondary vertex due
to the decays of the particles produced in the interaction. The silicon
tracker detector are made of an array of pixels.
Three key requirements of tracking detectors are:
• Speed, in order to allow to study as many events as possible.
• Spatial resolution, to allow precise tracking and momentum mea-
surement.
• Radiation hardness, since in many experiments the sensors are
exposed to significant amounts of both ionizing and not ionizing
radiation.
Semiconductor detectors are widely used as they satisfy all the above
requirements. In particular, silicon tracker detectors provide a supe-
rior spatial resolution combined with good energy resolution. In addi-
tion, it is possible to design very thin silicon tracker detectors to min-
imize multiple scattering. Due to their radiation hardness, they can
be located close to the interaction point with the main consequences
of improving the impact parameter resolution and the separation of
multiple tracks.
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A Cluster is the number of pixels hit or fired by an ionizing particle
crossing the detector. It depends on the pitch of the pixel cell. If the
detector pixels are small, the charge of a particle will spread over a
number of neighbouring pixels. But even if the pixels are relatively
large, there will always be cases to spread to two neighbouring pixels.
Assuming the pixel has a square shape, the single point resolution of
a purely binary matrix without any multiple clusters is the pixel pitch
divided by the square root of twelve.
This means the smaller the pixel pitch is, the better the intrinsic
spatial resolution is. The charge sharing degrades the performance of
the sensor to precisely localize the impact point; on the other hand
it improves the resolution of the position since the shared fractional
charge is determined by a superimposed Gaussian distribution [37].
The integral of the superimposition tends quickly to zero for deviations
beyond several standard deviations: the technique to calculate the
exact position of the particles is the centroid method.
2.3 CMOS technology and circuits
The CMOS (Complementary Metal-Oxide-Semiconductor) is a tech-
nological approach allowing the realization of integrated circuits con-
taining two polarities of Metal Oxide Transistors MOS, patterned on
the same chip. The sandwich of metal, silicon oxide, and semicon-
ductor, called MOS structure, is the basic building block of the MOS
Field Effect Transistors (MOSFETs) [37, 47, 48] which are widely used
in microelectronics.
The fabrication of both transistor polarities onto a single chip was a
fundamental stimulus in electronics, leading to the VLSI (Very Large
Scale Integration) circuit concept. An example of a fundamental block
realized in the CMOS technology is the simple inverter based on N and
P channel type MOS transistors. Typically one uses a p-type sub-
strate for nMOS transistors, which requires a n-well for the body of
the pMOS transistors. The transistor MOS is a four-terminal semicon-
ductor device, patterned in the substrate, where the driving electrodes
are the gate G and substrate (Bulk - B), and the output electrodes
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are the drain D and the source S. A n-type transistor is sketched in
Figure 2.6.
Figure 2.6: Simple N-channel type transistor MOS with the substrate (bulk), drain,
gate and source electrodes and thin insulating SiO2 barrier [49].
In pixel detectors, which are directly coupled to the read-out elec-
tronics, understanding MOS structures is also important to deal with
the surface regions between the pixels and with the consequences of
radiation-induced surface damage.
2.3.1 MOSFET
The Field-Effect Transistor (FET) is a transistor that uses an electric
field to control the shape and hence the electrical conductivity of a
channel of one type of charge carrier in a semiconductor material on
the central terminal. While the conductivity of a bipolar transistor is
regulated by the input current (the emitter to base current) and so
has a low input impedance, a FET’s conductivity is regulated by a
voltage applied to a terminal (the gate) which is insulated from the
device and therefore always has a high input impedance. The applied
gate voltage generates an electric field within the device, which in
turn attracts or repels charge carriers to or from the region between a
source terminal and a drain terminal. The density of charge carriers
in turn influences the conductivity between the source and drain.
FETs can be majority-charge-carrier devices, i.e. the Junction gate
Field-Effect Transistor (JFET), in which the current is carried pre-
dominantly by majority carriers, or minority-charge-carrier devices,
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in which the current is mainly due to a flow of minority carriers.
The device consists of an active channel through which charge car-
riers, electrons or holes, flow from the source to the drain. Source and
drain terminal conductors are connected to the semiconductor through
ohmic contacts. The conductivity of the channel is a function of the
potential applied across the gate and source terminals.
Figure 2.7: Typical MOS transistors cross section[50], Usually the MAPS process in-
cludes an epitaxial layer.
The most basic element in the design of a large scale integrated circuit
is the transistor, which can be built by joining an n-type and p-type
material. The type of transistor available is the MOSFET (see Fig-
ure 2.7). These transistors are formed as a sandwich consisting of a
semiconductor layer, usually a slice, or wafer, from a single crystal
of silicon; , together with a layer of silicon dioxide (the oxide) and a
layer of metal. These layers are patterned in a manner which permits
transistors to be formed in the semiconductor material substrate (see
Figure 2.6).
Figure 2.8 shows the ID - VGS characteristics of an NMOS device in
the long-channel process. In order for the drain current to exist there
must be carriers present in the area between the gate and and the
source, which are referred to as the conducting channel. The figure
also illustrates the tolerance due to radiation; this will be discussed
later.
The FETs fourth terminal is called a bulk, or substrate. This fourth
terminal serves to bias the transistor into operation. In most cases,
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Figure 1 Schematic cross section of a MAPS detector with deep p-well feature 
Figure 2 Drain current over Vgs for a minimum size NMOS transistor 
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Figure 3 Threshold shift as a function of TID for NMOS transistors with 


























AD09 SVt, W/L = 10/2.0
AD10 SVt, W/L = 10.00/10.00
24h
annealing
Figure 4 Threshold 
Figure 2.8: TowerJazz 180 nm transistor, drain current Id versus gate voltage Vgs for
a minimum size NMOS transistor before and after irradiation with 10 Mrad of 10keV
X-ray photons.
especially in digital cells, the substrate and the source of an nMOS
are connected to the ground potential.
The components of a transistor are the following:
 Substrate: It is the lowest layer made of highly doped (p-type),
crystalline silicon with low resistivity. It provides mechanical sta-
bility and hosts all other structures. Sometimes substrate con-
tains epitaxial layer.
 Epitaxial layer: The epitaxial layer is grown on top of the sub-
strate. This layer is lightly doped (p-type) and forms the active
volume of the detector where charge carriers are generated by the
incident particles. The active devices are embedded in this layer.
 Well implantations: They serve as a bulk for the Field Eect
Transistors. N-well and p-well implantations are used to integrate
pMOS and nMOS transistors respectively.
 Diusion implantations: They form the source and drain of the
transistors. They have higher doping than the wells in which
they are embedded. P-type and n-type implantations are used
for pMOS and nMOS respectively.
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• Metal lines: They connect the different silicon structures. They
are generally made of aluminium or copper and are embedded
into silicon oxide, which serves as an insulator.
2.3.2 Simple circuits
Complementary MOS circuits use both nMOS and pMOS transistors,
and CMOS has been widely used for digital circuits including invert-
ers, NAND, AND and memory cells. It allows for very simple circuit
designs such as amplifiers, comparators, etc. Take for instance, the
following digital gate: an inverter circuit built using two transistors,
one pMOS and one nMOS.
Figure 2.9: Physical layout and schematic of an inverter gate. The device and its
interconnections are made of polygons that represent different layers of material.
Figure 2.9 shows an inverter gate; the upper transistor is a pMOS.
When the channel (substrate) is made more positive than the gate
(gate negative in reference to the substrate), the channel is enhanced
and current is allowed between source and drain. So, in the above
illustration, the top transistor is turned on.
The lower transistor nMOS, having zero voltage between gate and
substrate (source), is in its normal mode: off. Thus, the action of these
two transistors is such that the output terminal of the gate circuit has
a solid connection to Vdd and a very high resistance connection to
ground. This makes the output "high" (1) for the "low" (0) state of
the input, as is sketched in Figure 2.10.
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Figure 2.10: Transient simulation of the inverter.
Now the nMOS transistor is saturated because it has sufficient voltage
of the correct polarity applied between gate and substrate (channel)
to turn it on (positive on gate, negative on the channel). The upper
transistor, having zero voltage applied between its gate and substrate,
is in its normal mode: off. Thus, the output of this gate circuit is now
"low" (0). Clearly, this circuit exhibits the behavior of an inverter, or
NOT gate, as is sketched in Figure 2.10.
2.3.3 The CMOS process
The CMOS process refers to the family of processes used to implement
that circuitry on integrated circuits. CMOS circuits use a combination
of pMOS and nMOS to implement logic gates and other digital/analog
circuits.
The devices are built into a common p-type substrate called a "wafer".
This wafer is doped with donor atoms for an n-type substrate or accep-
tor atoms for a p-type substrate. The nMOS transistors are fabricated
directly in the p-type wafer, while pMOS transistors are fabricated in
a n-well. The Shallow Trench Isolation (STI) provides electrical iso-
lation between devices, as shown the Figure 2.11 [47]. Metals and
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Figure 2.11: Example of an inverter interconnected in a CMOS technology [49].
contacts provide access to the device terminal Source, Drain or Gate.
The devices are connected together with poly-silicon or metal inter-
connects; in some cases the interconnect can add unwanted or parasitic
capacitance, resistance, diode and inductance effects.
Figure 2.12: Layout design rules.
The devices are fabricated on a silicon substrate wafer by layering
different materials in specific locations and shapes on top of each other.
Each of many process masks defines the shape and location of a specific
layer of material (diffusion, poly-silicon, metal, contact, etc.). Mask
shapes, derived from the layout view, are transformed to silicon via
photo-lithographic and chemical processes. Figure 2.9 (right) shows
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the representation of layout polygons. Figure 2.11 shows, how the
transistors are interconnected by the poly-silicon via contact and by
metal 1. Multiple levels of metal lines are routed to interconnect
devices, creating a circuit on a chip.
Design Rules Checking (DRC) are a series of parameters provided by
semiconductor manufacturers that enable the designer to verify the
correctness of a mask set. Design rules are specific to a particular semi-
conductor manufacturing process. A design rule set specifies certain
geometric and connectivity restrictions to ensure sufficient margins to
account for variability in semiconductor manufacturing processes, so
as to ensure that the parts can be fabricated correctly.
The most basic design rules are shown in Figure 2.12. The few single-
width rule specifies the minimum width of any shape in the design and
minimum distance rule between the shapes. A minimum area rule is
just drawn between the N+ diffusion and the contact for example.
There are many other rule types not addressed here. Antenna rules
are complex rules that check ratios of areas of every layer of a net for
configurations that can result in problems when intermediate layers
are etched. Many other such rules exist and are explained in detail in
the documentation provided by the semiconductor manufacturer.
2.4 Radiation Effects
Radiation effects in electronics are usually divided into damage by ion-
izing radiation called Total Ionizing Dose (TID), affecting transistors,
especially nMOS, Non Ionizing Energy Loss (NIEL), that affects pixel
charge collection, and Single Event Effects (SEE) [51, 52] affecting the
registers and state machines in the digital domain. These radiation
effects will be described in the next sections.
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2.4.1 Total Ionizing Dose in transistors
Radiation will induce damage both in the front-end electronics and in
the sensors. TID is an accumulating effect which becomes worse the
longer a device is exposed to ionizing radiation. The leakage current
of the device increases due to charges trapped inside the STI oxide.
The critical material is silicon dioxide (SiO2) which is used for the
gate oxide, for device isolation, and for separating the routing metals
as can be seen in Figure 2.11. In the oxide, charged particles and
sufficiently energetic photons produce [electron-hole] pairs. Electrons
and holes in SiO2 have very different mobility; hence if an electric field
is applied, the two are quickly separated. In absence of electrons, the
holes can not recombine and are trapped in the oxide, where they can
originate two types of defects. In the oxide itself, the trapped holes
generate as positive charges. At the interface between the oxide and
the crystalline silicon they can generate the so-called interface states.
The build-up of interface states is slower than the direct hole trapping;
therefore the device characteristics still evolve after the irradiation has
stopped. Interface States are amphoteric, so they can behave as donors
or acceptors. This will change the threshold voltage of both normal
and parasitic devices and can give rise to leakage currents between
drain and source of nMOS transistors and in between neighbouring
transistors. A reduction of the TID sensitivity has been observed
when moving to smaller technology nodes. This improvement is mostly
attributed to the thinner gate oxides. [51, 52, 53].
In the ASICs now in use in the LHC, which are implemented in a
250 nm CMOS process, a very high level of radiation tolerance was
achieved through the systematic use of Enclosed Layout Transistors
(ELT) and guard-rings. Measurements in 130 nm CMOS technologies
[54] suggest that ELT transistors, it must depend on the technology,
they may still be needed.
Ionization damage in CMOS transistors causes threshold shifts. Fig-
ure 2.13 shows the creation/trapping of charge (by radiation) and its
passivation/de-trapping (by thermal excitation). These phenomena




























Figure 2.13: The leakage current on nMOS under ionizing radiation.
With respect to the current ALICE ITS detector, the innermost pixel
layer will move about 17 mm closer to the interaction point. The
yearly radiation levels are summarized for the first layer in Table 1.5
is lower than other experiments at CERN.
2.4.2 Non Ionizing Energy Loss in sensors
The Non Ionizing Energy Loss (NIEL) is a quantity that describes the
rate of energy loss due to atomic displacements as a particle traverses
a material. It generates bulk damage in the silicon lattice that in turn
can degrade the sensor performance in terms of charge collection effi-
ciency and signal-over-noise ratio and also results in increased leakage
current. NIEL damage causes a n-type CMOS transistor to become
less n-type until the substrate undergoes type inversion and becomes
p-type [55].
Many studies have successfully demonstrated that the degradation
of semiconductor devices or optical sensors in a radiation field can
be linearly correlated to the displacement damage energy [56], and
subsequently to the NIEL deposited in the semiconductor devices or
optical sensors. However, NIEL is still a valuable tool, and can be
used to scale damages produced by different particles and in different
environments, even though this is not understood at the microscopic
level.
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In general the radiation induced damage to the silicon lattice will
lead to a macroscopic degradation of the sensor characteristics. This
manifests itself as an increase in leakage current, a change in depletion
voltage in case of a depleted operation and in trapping of the signal
charge [53]. The leakage current will increase proportionally to the 1
MeV neutron equivalent fluence.
2.4.3 Single Event Effects
Ionizing radiation in digital structures can induce Single Event Effects
(SEE) is the result of an instantaneous impact of radiation affecting
the state of the electronics, and can occur either as a Single Event
Transient (SET) or a single-event upset (SEU). The former causes a
transient change of voltage in one of the capacitive nodes of a logic gate
or a memory cell. The likelihood of an SET decreases with increasing
node capacitance. If this change is captured by a memory device, it
becomes a persistent effect. In general, this is a threshold phenomenon
that depends on the Linear Energy Transfer (LET) of the impinging
particle, because the deposited charge must be sufficient to change the
status of a circuit node. If a bit-flip happens in a state register of a
Finite State Machine (FSM) or in a configuration register, a full system
reset or reconfiguration may be needed to restore the system into a
properly functioning state [57]. In the next section we describe one
technique to mitigate SEU which is widely used in HEP. The Ionization
can also cause single event latchup (SEL), a type of short circuit that
triggers parasitic structures which can disrupt proper functioning of
the element, or possibly can even lead to its destruction.
Figure 2.14: Parasitic thyristor in a CMOS technology cross section [58].
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The ionization charge can cause SEL such that parasitic thyristor (see
Figure 2.14) which normally is in the off state is turned on by the
ionization and draws a large current. This current can be detrimental
to the circuit, and even if it is not, the power to the circuit needs to
be taken away to deactivate the thyristor. During a SEL, the device
current exceeds the maximum specified for the device. Unless power
is removed, the device will eventually be destroyed by thermal effect.
One possible solution to avoid SEL is to place the bulk contact of the
nMOS and pMOS transistor close to the source/drain and increasing
this bulk contact to generate a good contact. In general, increasing
resistance in the contacts reduces the probability of SEL.
2.4.3.1 Single Event Upset mitigation implementing Triple
Mode Redundancy
Design techniques such as triple modular redundancy (TMR) [59] and
Error Correction Coding (ECC) can be used to make circuits very
tolerant to SEUs. TMR is based on triplicated logic in which the
correct result is a vote of the three outputs. If only one device has
been upset, the output of the voting is still correct. ECC such as
Hamming coding [59] can also be used to correct single-event upsets or
even detect multiple bit upsets. These techniques, however, introduce
area, power and timing penalties.
Figure 2.15: TMR interconection diagram.
One simple SEU mitigation technique but expensive at a gate-level
area is to triplicate all logic that is crucial to the correct functionality
of the system. The outputs of all three identical design modules are
then connected to a majority voting gate. The majority voting gate
simply takes three inputs and outputs 0 if at least two inputs are 0,
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and outputs 1 if at least two inputs are 1. This system will function
correctly even if one of the three modules fails, but a second failing
module may cause the whole system to fail (see Figure 2.15).
Several design techniques for applying TMR to digital design are de-
scribed in [59, 60, 61]. If an output of a majority voter is fed back
to redundant logic modules and their values refreshed every clock cy-
cle when no new data are available, the logic will be immune to SEU
as long as only a single module is upset during the same clock cycle.
The error will then remain in the system for one clock cycle but will
be corrected during the next clock cycle. This is the technique that
has been used in all FSMs and other important digital logic such as
FIFO pointers implemented in the read-out circuits, as is sketched in
Figure 2.16.
Figure 2.16: TMR full interconection driagram.
2.5 Technology Options for Pixel Detectors
A number of technologies, each representing a different level of matu-
rity, could potentially fulfil the requirements of the inner ITS layers.
The options can be divided into two groups: monolithic and Hybrid
silicon Pixel Detectors (HPD) [62]. A layout cross section view of both
concepts is shown in Figure 2.17. The pixel detectors will be described
in the following sections
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Figure 2.17: Charge collection in hybrid pixels and MAPS [62].
2.5.1 Hybrid pixels detectors
In Hybrid pixel detectors the sensor and the front-end electronics are
implemented in two separate silicon chips see Figure 2.17. On the left
of the figure, the sensor chip does not contain any active electronics
and is used to produce a signal when a particle passes through it and
generates a change signal. The read-out chip is usually an ASIC that
contains the electronics used to digitize the analog signals and pro-
vides a single bit hit information from the sensor chip, but sometime
also analog signal charge information is provided. The sensor chip is
manufactured independently from the read-out ASIC, and both are
bonded together using different techniques like bump bonding or wire
bonding.
HPDs are expensive, and often their cost is dominated by the bonding
step. In order to overcome these limitations to build the new genera-
tion of radiation hard silicon detectors with higher granularity and less
material budget, we require the development of new technology. One
way to overcome this is to merge both sensor and read-out electronics
into a single detection device.
Hybrid pixel detectors have been the choice for the current LHC ex-
periments because they provide clean, time-stamped, unambiguous
3-dimensional hit information and they are radiation tolerant. In the
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hybrid approach the front-end chip and the sensor are produced on
two different wafers and then connected using bump bonds. Present
bump bonding techniques are limited to pitches of 30-50 µm. However,
the recently introduced Cu-pillar technology may reduce substantially
this limit in the near future. Currently, bump bonding represents one
of the main cost factors for the production of hybrid pixel detectors
and prevents their application to larger surfaces.
2.5.2 Monolithic active pixel sensors
The Monolithic active pixel sensors are fabricated in a standard CMOS
process but with some modification on the process. MAPS are pecu-
liar because they embed into the same CMOS ASIC both the sensor
and the front-end electronics as was commented earlier. Moreover,
due to this configuration, MAPS are typically thinner than hybrid
pixel sensors so that they are highly suitable for applications where
the material budget must be kept low, and they also present a cost
advantage.
2.5.2.1 MAPS process
Initially, all prototypes of MAPS are fabricated using a standard
CMOS process version providing an epitaxial type of substrate as
shown in Figure 2.7. The substrate layer is a very low resistivity
substrate, typically in the range of a few tens of mΩcm−1, over which
a p-doped epitaxial layer is grown. This layer, whose thickness is
typically up to 20 µm with a resistivity of the order of 10 Ωcm−1,
represents the sensing volume. The electronics are built in the last
micron or so of this layer, with nMOS (pMOS) transistors occupying
heavily doped p-wells (n-wells) as shown in Figure 2.17 (right). As
a detecting element, the most commonly used structure is the one
formed by an N-doped well created in the epitaxial layer, for example
the n-well diode.
52
2.5 Technology Options for Pixel Detectors
2.5.2.2 MAPS Principle Operation
In the MAPS implementation, this epitaxial layer is used as a detec-
tor radiation sensitive volume, with a diode n-well/p-epi working as
a charge collecting element. The detector is only partially depleted
in the vicinity of the n-well/p-epi junction, so the charge is collected
mainly through a thermal diffusion mechanism. However, due to the
particular doping profile (p++substrate/p-epi/p+well), there is a po-
tential minimum in the middle of the epitaxial layer, limiting the vol-
ume spread of diffusing electrons created by the absorption of radia-
tion.
The electrons generated are deflected by the substrate due to a po-
tential barrier formed between the lightly doped p-type epitaxial layer
and the heavily doped p-type substrate. The substrate - epi creates a
potential barrier preventing the signal charge from diffusing into the
substrate.
Similarly, a potential barrier exists between the lightly doped epitaxial
layer and the heavily doped p-wells of the nMOS transistors. This
results in the containment of the majority of the electrons within the
epitaxial layer, which diffuse randomly in the epitaxial layer and are
guided towards the n-well of the collection diode.
These electrons may move only along the plane parallel to the surface
and are rapidly collected when passing close to the collecting pn diode
junction, with a typical collection time of the order of 100 ns. The
detector active volume is limited in depth to the epitaxial layer only,
because of the small lifetime of charge carriers inside a p++ substrate.
Therefore, the total amount of available charge created by an imping-
ing minimum ionizing particle amounts to a few hundreds electrons
only, for a typical epitaxial thickness of the order of 10 µm.
As far as the charge collection mechanism in MAPS is concerned, the
presence of the n-well of the pMOS transistor in a standard CMOS
process poses a significant problem in Figure 2.18, (left). This n-
well which is at a positive potential, could also collect the diffusing
electrons and thus compete with the collection diode. This would
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Figure 2.18: MAPS cross section [31].
result in the reduction of signal charge collected and hence contribute


















Figure 2.19: TowerJazz 180 nm MAPS cross section [31].
One way of solving competition between the charge collection between
n-wells is to use a deep p-well under the n-well where the pMOS tran-
sistors are placed, (is shown in Figure 2.18 right), using the handle
wafer as the detection medium and adding vias through the buried
oxide to connect the handle wafer to the CMOS electronics. Fig-
ure 2.19 shows that charged particles can traverse the metal layers
and any other material, generating a thin trail of electron-hole pairs
in the silicon. Provided that there is only one pn junction in the pixel,
the entire amount of radiation-generated electrons will be collected,
thus making the sensor able to detect particles regardless of where
they hit the sensor [59].
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2.5.2.3 Detector Technology selection
Hybrid pixel detectors fabricated in CMOS 130 nm technology have
become a standard for the design of front-end electronics. Complex
ASICs like more recently, complex ASICs such as the FEI4 [63] for the
ATLAS pixel upgrade and MediPix [64] have been implemented in 65
nm CMOS technology. This process is used by the RD53 collabora-
tion, which develops read-out integrated circuits for the phase 2 pixel
detector upgrades of ATLAS and CMS, as well as long term develop-
ments. The 130 and 65 nm CMOS processes offer several advantages
with respect to the 250 nm CMOS technology widely used in the LHC
experiments which are currently taking data. Firstly, the technology is
inherently more radiation hard. Secondly, the smaller capacitance of
the digital gates and the lower power supply voltage reduce the digital
power consumption. Thirdly, the technology is equipped with several
options (triple well, transistors, deep moats, etc...) which allow for an
effective reduction of the interference of the digital blocks to the ana-
logue ones. However, the 130 nm CMOS process presently used in the
hybrid pixel developments does not offer a sufficiently thick epitaxial
layer as required by the design of monolithic pixel detectors.
The ITS upgrade has chosen a 180 nm CMOS imaging sensor tech-
nology, called TowerJazz. This technology has been selected for the
implementation of the ITS upgrade for all layers of the new ITS. The
following are the main features that make this technology suitable, and
in some respects unique, for the implementation of the ITS upgrade :
• Due to the transistor feature size of 0.18 µm and a gate oxide
thickness below 4 nm, it is expected that the CMOS process
is substantially more robust to the TID than other technologies
employed up to now as the baseline for the production of CMOS
sensors in particle physics applications.
The nMOS and pMOS transistor structures have been irradiated
with X-rays up to a dose of 10 Mrad. The most affected struc-
tures are those with a minimum feature size for TowerJazz 180
nm transistors that show a shift in threshold voltage of a few 10
mV at most and an almost complete recovery after 24 h of anneal-
ing. The impact of TID on sensor prototypes has been measured
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in various test beam campaigns at CERN and at DESY, showing
only a very marginal degradation of the charge collection prop-
erties after TID irradiation of 3 Mrad. The gate oxide thickness
of this technology is 3 nm, making it robust to TID, as demon-
strated in the experimental results in [53].
• The feature size and the number of metal layers available (up
to six) are adequate to implement high density and low power
digital circuits. This is essential, since a large part of the digital
circuitry (e.g. memories) will be located at the periphery of the
pixel matrix and its area must be minimised in order to reduce
the insensitive area as much as possible.
• In addition, applying a moderate negative voltage to the sub-
strate can be used to increase the depletion zone around the col-
lection diode and in this way improve both the charge collection
and the signal-to-noise ratio by decreasing the pixel capacitance
[65].
MAPS can significantly improve the spatial resolution, the signal
over noise ratio (S/N) and reduce the material budget and cost
simultaneously, but often the radiation tolerance of MAPS is not
so good. However, the main challenge with MAPS is its low toler-
ance to non-ionizing radiation in excess of 1015 neqcm−2, because
the signal charge is collected by drift. In MAPS charge is often
collected by diffusion, causing the signal charge to be trapped
more easily, resulting in a moderate radiation tolerance because
of displacement damage. However, the radiation requirements
for ALICE are moderate compared to other LHC experiments,
so MAPS are a viable solution.
• It is possible to produce the chips on wafers with an epitaxial
layer of up to 40 µm thickness and with a resistivity between 1
kΩcm−1 and 6 kΩcm−1. With such a resistivity, a sizeable part
of the epitaxial layer can be depleted. This increases the signal-




• The access to a stitching technology allows the production of sen-
sors with dimensions exceeding those of a reticle, and enables the
manufacturing of die sizes up to a single die per 200 mm wafer di-
ameter. As a result, insensitive gaps between neighbouring chips
disappear and the alignment of sensors on a poly-carbonate sup-
port. This option has not yet been exploited by the prototypes,
but is foreseen as an option for future large-scale chips.
• Higher granularity and lower material thickness, key features of
the MAPS process, combined with the resulting small pixel size
around 28 × 28 µm2, allow one to significantly improve pointing
resolution and tracking efficiency. The design goal of the ITS
upgrade is to have pixels with the same granularity for all layers,
corresponding to an intrinsic resolution of 5 µm.
• A quadruple well is available, which offers a deep p-well in order
to shield the n-well of pMOS transistors from competition with
the collection diode, as shown in Figure 2.19. This makes the
use of full CMOS circuitry in the pixel area possible without the
drawback of parasitic charge collection by the n-wells layer on
a p-substrate. The deep p-well option allows the production of
pixel structures with significantly enhanced functionality, thus
making more complex in-pixel signal processing possible.
2.6 Read-out architectures
The traditional read-out in hybrid pixel detectors is the data-driven
mechanism that uses a token-ring structure, in which a look-ahead
technique is used to decrease the signal ripple down to the chip pe-
riphery [60, 66, 67]. This read-out is used by the ATLAS experiment.
The traditional read-out in monolithic pixel detectors is the rolling-
shutter [68] with a zero suppression logic in the chip periphery which
will be explained in the next section. Another zero suppression tech-
nique is called OrthoPix [69]. It uses a multiple projection scheme
combined with an encoding architecture for the read-out. New read-
out architectures that satisfy the ITS upgrade requirements in power
and integration time will be explored, studied, designed and character-
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ized in terms of small prototypes, thus forming the research objectives
of this thesis.
2.6.1 State of the art for MAPS : Rolling shutter
MIMOSA sensors have been developed at IPHC since the late nineties
and within a partnership with IRFU since early 2000. The develop-
ment of a new sensor with a rolling-shutter architecture is advancing,
using as a reference the MIMOSA26 sensor [70] developed at IPHC and
the ULTIMATE sensor [71] developed for STAR. The rolling-shutter
architecture allows the continuous and periodic reading, row-by-row,
of the charge collected inside the pixels. This architecture results in
a low power consumption, since only one row is being read out and
powered at a time. In the present MIMOSA sensors, the power con-
sumption corresponds to 150-250 mWcm−2 depending on the number
of columns per surface unit and on their length. In order to guarantee
a small pixel size, the logic inside each pixel is kept to a minimum.
A pixel cell contains the sensing element, a pre-amplifier, a clamping
node and the row selector.
The first element after the collecting diode is the pre-amplifier. Its
feed-back loop also provides the bias voltage of the pixel, with the ad-
vantage of a continuous leakage current compensation. A row selector
activates one row at a time, and connects the pixels to the discrimi-
nators placed at the end of the column.
A sparsification algorithm is implemented in the digitized data, which
identifies and encodes a pattern of hits on one row of pixels, retaining
only the information of the column address of the first pixel hit and
the number of contiguous hits. By processing the matrix row-by-row,
the sparsification and zero suppression algorithm will generate output
states at a Poisson-distributed rate, going from zero states to a max-
imum number that depends on the chip occupancy. To equalize the
output data rate and limit the data bandwidth, a buffer will be imple-
mented in the form of memory blocks. For the existing MIMOSA26
sensors [70], two memories are implemented and they are alternatively
selected: when one memory is being written, the other is read, and
vice-versa.
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